The role of Staphylococcus aureus tolerance in the treatment and prophylaxis of endocarditis in rats was investigated. The eflicacies of vancomycin, teicoplanin, and daptomycin, alone and in combination with rifampin, were compared in rats with endocarditis infected with a tolerant strain of S. aureus and in rats with endocarditis infected with its nontolerant variant. In vitro the cloxacillin-tolerant strain was also tolerant to vancomycin and teicoplanin, but not to daptomycin. However, tolerance to these antibiotics did not influence the results of treatment of experimental S. aureus endocarditis. There was no difference in the bacterial densities in the vegetations of rats infected with either the tolerant or the nontolerant strain after 5 days of treatment with any of the antibiotic regimens. Of all antibiotics, daptomycin was the most effective in reducing bacterial numbers in vegetations. Combination of rifampin with vancomycin or teicoplanin improved the results of treatment for the tolerant as well as the nontolerant strains. Daptomycin was as effective alone as in combination with rifampin. In contrast, tolerance influenced the prophylactic effects of vancomycin and teicoplanin. The proportion of rats with sterile vegetations after prophylaxis with vancomycin or teicoplanin at a low dose was lower for those infected with the tolerant strain than for those infected with the nontolerant strain. A low dose of daptomycin was equally effective against the tolerant and the nontolerant strains. However, higher doses of all three antibiotics afforded almost full protection against both strains.
Tolerance, as described by Tomasz et al. (32) , is a type of resistance in which antibiotics at concentrations that are bactericidal for nontolerant strains inhibit bacterial growth without killing the microorganisms. This phenomenon has been described for many bacterial species, including Staphylococcus aureus. The tolerance phenomenon may have clinical relevance for infections such as bacterial endocarditis, in which killing of the bacteria depends mainly on antibiotic action. However, conflicting results about the significance of tolerance in humans have been reported (14) . In animals with experimental streptococcal endocarditis, tolerance seems to be important for both treatment and prophylaxis (4, 16, 20, 25, 27) . In previous studies, we found that in rats cloxacillin was less effective in the treatment as well as the prophylaxis of endocarditis caused by a tolerant strain of S. aureus than in the treatment and prophylaxis of endocarditis caused by its nontolerant variant (36, 37) .
In most studies on tolerance, ,B-lactam antibiotics were involved. Sometimes, bacteria that exhibit tolerance to 1-lactam antibiotics are also tolerant to other antibiotics that inhibit cell wall synthesis. This was the case for the glycopeptide antibiotics vancomycin and teicoplanin, which interfere with peptidoglycan synthesis by inhibiting transglycosylase and probably also transpeptidase enzymes (17, 28) . Although good bactericidal activities against gram-positive bacteria, including S. aureus, have been demonstrated in vitro for these antibiotics, treatment failures ascribed to tolerance have been reported (10, 13, 21, 30) . However, no experimental studies on the effects of vancomycin and teicoplanin on tolerant S. aureus infections have yet been reported. For Streptococcus sanguis, Bernard et al. (3) reported that vancomycin might prevent endocarditis in rats challenged with a tolerant strain.
Daptomycin, a lipopeptide antibiotic with a spectrum of activity limited to gram-positive bacteria, inhibits the synthesis of peptidoglycan by preventing the active transport of cell wall amino acids (1) . It has been shown to be rapidly bactericidal against S. aureus (31) , and tolerance to this antibiotic has not yet been described.
To further elucidate the significance of tolerance in vivo, we investigated the influence of this phenomenon on the efficacy of treatment and prophylaxis with vancomycin, teicoplanin, and daptomycin of S. aureus endocarditis in rats.
For the nontolerant strain, the same concentration of cloxacillin gave a reduction in bacterial numbers of 4 to 5 loglo CFU/ml at 24 h. Both strains had the same propensity to induce endocarditis in rats, as judged by 50% infective doses. These values were determined previously by infecting 44 rats with inocula ranging from 103 to 106 of either strain used in the present study (36) . Furthermore, the strains did not differ in the early course of endocarditis or in the clearance of bacteria from the bloodstream, as shown previously (37) . Stock cultures of these strains were lyophilized (26) . In Susceptibilities of staphylococci in isolated material. Changes in the MICs of vancomycin, teicoplanin, and daptomycin for bacteria from isolated material were checked by an agar dilution technique (39) by using Mueller-Hinton agar supplemented as described above for daptomycin. Inocula of circa 104 CFU of the test organisms were applied with a 32-prong inoculator. Plates were examined for growth after 24 h of incubation at 37°C. For detection of rifampin resistance, aliquots of 50 ,ul of the vegetational homogenate isolated from antibiotic-treated animals were plated onto DST agar plates containing 10 jig of rifampicin per ml. Growth was examined after 24 h of incubation. To establish changes in the bactericidal effects of vancomycin, teicoplanin, and daptomycin, bacteria isolated from the vegetations obtained after treatment or prophylaxis were cultured for 24 h in MHB. Bacteria were diluted to approximately 5 x 106 CFU/ml and were exposed to The results of the various therapeutic regimens are shown in Table 2 . For both strains, all treatment regimens reduced bacterial counts in vegetations relative to those in the vegetations of the control groups (P < 0.001). Moreover, the efficacy of each antibiotic regimen was about the same for strains 372 tol and 372 ks. Comparisons between groups infected with the same strain revealed that, for both strains, daptomycin was significantly more effective than vancomycin or teicoplanin in reducing bacterial numbers in the vegetations when the drugs were given b.i.d. (P < 0.05). For both strains, teicoplanin at a dose of 30 mg/kg and daptomycin at a dose of 10 mg/kg were more effective when given in two doses b.i.d. than once daily. In comparison with vancomycin or teicoplanin alone, the combination of each drug with rifampin resulted in a significantly larger reduction in bacterial densities (P < 0.025 and P < 0.0005 for vancomycin and teicoplanin, respectively). Use of the combination of rifampin with daptomycin did not result in a higher efficacy compared with the use of daptomycin alone.
The same trends were observed for the sterilization of vegetations ( Table 2 ). All antibiotics yielded about the same rate of sterilization in rats infected with 372 tol as in those infected with 372 ks. Combinations with rifampin were, in general, more effective than the single agents in rendering vegetations sterile, but the differences were not significant.
After most treatment regimens, 80 to 100% of the rats infected with either strain had sterile blood cultures. However, rifampin (6 mg/kg b.i.d.), daptomycin (10 mg/kg daily), and teicoplanin (30 mg/kg daily) were less effective than the other regimens in this respect ( Table 2) .
Prophylaxis of endocarditis. The effects of prophylaxis with the various antibiotic regimens of endocarditis induced with strains 372 tol and 372 ks are summarized in Table 3 . Vancomycin at a dose of 50 mg/kg, teicoplanin at a dose of 30 mg/kg, and daptomycin at a dose of 5 mg/kg were equally effective in preventing endocarditis in rats challenged with 372 tol and 372 ks. However, vancomycin at the lower dose of 10 mg/kg as well as teicoplanin at the lowest dose of 1.2 mg/kg was significantly less effective against 372 tol than against 372 ks (372 tol versus 372 ks, P < 0.015 for both regimens). At a lower dose of 1 mg of daptomycin per kg, the proportion of rats with sterile vegetations was lower among those infected with 372 tol than among those infected with 372 ks, but this difference was not significant (P = 0.11). Comparison of the various prophylactic regimens within one strain showed that for 372 tol, vancomycin was less protective at a dose of 10 mg/kg than at a dose of 50 mg/kg (P < 0.03). Teicoplanin at a low dose of 1.2 mg/kg was also less effective in preventing infection with the tolerant strain than were the higher doses of this antibiotic (P < 0.0015). In contrast, for 372 ks all antibiotic regimens afforded almost full protection, even at the lowest doses. The numbers of bacteria in vegetations from rats infected with either strain, despite antibiotic prophylaxis, were lower than those in the vegetations from controls at 24 h (Table 3) . Statistical differences between the bacterial densities in vegetations from rats infected with 372 tol and 372 ks could not be calculated, because only small numbers of rats had infected vegetations after prophylaxis.
In general, all prophylactic regimens yielded approximately similar proportions of rats with sterile blood cultures and sterile vegetations ( Table 3) .
Susceptibilities of bacteria after exposure to antibiotics in vivo. For both strains, the MICs of vancomycin, teicoplanin, and daptomycin for bacteria isolated from vegetations were similar to or only twice the values for the original strains. After infection with 372 tol, isolates resistant to rifampin were recovered from 3 of 6 rats treated with this agent and from 3 of 12 rats treated with the combination of rifampin and vancomycin. Six of 8 rats treated with rifampin alone and 3 of 12 rats treated with the combination of rifampin and vancomycin were resistant to rifampin after infection with 372 ks. Other combinations with rifampin did not yield isolates resistant to rifampin. Bacteria isolated after treatment or prophylaxis from rats infected with either strain were exposed to 20 ,ug of vancomycin per ml, 10 ,ug of teicoplanin per ml, and 10 jig of In contrast, the proportion of rats with sterile vegetations receiving prophylaxis with vancomycin or teicoplanin at the lowest dose was lower for those infected with 372 tol than for those infected with 372 ks. Since the tolerant and the nontolerant strains did not differ in their virulences, as judged by 50% infective doses, the early course of the infection, and clearance of bacteria from the bloodstream, it is most likely that the observed differences in the efficacies of prophylaxis were due to tolerance. Furthermore, in other studies we found that prophylaxis with antibiotics that are not active against the bacterial wall, such as gentamicin and ciprofloxacin, was equally effective for the tolerant and the nontolerant strains (37, 38) . The similar efficacies of antibiotics that are not affected by tolerance against both strains makes it unlikely that properties other than tolerance account for the differences between the two strains in the efficacies of prophylaxis with vancomycin and teicoplanin. At the lower dose of daptomycin, the proportion of rats with sterile vegetations challenged with 372 tol was also lower than that after challenge with 372 ks, but this difference was not significant. Higher doses of all three antibiotics afforded almost full protection from 372 tol. Apparently, the higher doses, which gave a longer exposure to the antibiotic because of a prolonged adequate level in serum, had an effect even on the tolerant bacteria that was sufficient to prevent endocarditis, despite the slower killing rate. However, bacterial densities in the vegetations of rats that were infected with strain 372 tol, despite prophylaxis with vancomycin at a dose of 50 mg/kg, were higher than in those of rats that were infected with strain 372 ks. This could have been due to the slower killing of tolerant bacteria by vancomycin within the vegetations. Since only two and three rats were infected after prophylaxis with strains 372 tol and 372 ks, respectively, statistical analysis of these data could not be done. Thus, interpretation of the results must be done with caution.
Daptomycin was more effective than vancomycin or teicoplanin in reducing bacterial numbers of both strains in the vegetations. For daptomycin as well as teicoplanin, administration of two daily doses was more effective than administration of the same total dose once daily. These results are in accordance with the findings of other studies on the treatment of experimental S. aureus endocarditis with these antibiotics (5, 19) . Teicoplanin is poorly distributed throughout vegetations, as has been shown by autoradiography (7) . The same could be true for the structurally related compound vancomycin. In contrast, daptomycin is homogeneously distributed throughout the vegetations (6) . This difference in penetration could be one of the explanations for the greater efficacy of daptomycin in comparison with those of the glycopeptide antibiotics.
It has been shown that the combination of rifampin with vancomycin or teicoplanin may improve the results of treatment of staphylococcal endocarditis in animals (2, 34) . In clinical studies, no benefit of the addition of rifampin to vancomycin or teicoplanin has been reported (22, 35) . No in vivo data on the combination of daptomycin and rifampicin are available. However, in vitro synergy as well as antagonism have been reported for the combination of vancomycin, teicoplanin, or daptomycin with rifampin (8, 33, 40) . For the strains used in the present study, the combination of rifampin with vancomycin, teicoplanin, or daptomycin was synergistic in vitro. Moreover, the combination of rifampin and vancomycin or teicoplanin improved the results of treatment for the tolerant as well as the nontolerant strain. Daptomycin in combination with rifampin was as effective as daptomycin alone in reducing bacterial numbers in vegetations infected with either strain, however. Treatment with rifampin as a single agent significantly reduced bacterial numbers in the vegetations, but its use as a single agent is limited because of the rapid development of resistance. Rifampin resistance was not encountered in the present study when rifampin was administered in combination with teicoplanin or daptomycin. Rifampin resistance occurred in some rats treated with the combination of rifampin and vancomycin. This has also been described in patients treated with this combination regimen and in experimental models of infection (9, 29) .
An increase in the MIC of teicoplanin during treatment has been reported in patients infected with S. aureus (18, 24) , but in our study in rats, such an increase was not found after 5 days of treatment. Survival percentages for microorganisms isolated from the vegetations of rats infected with the tolerant strain did not change after in vivo exposure to the antibiotics used in the study. Thus, the results were not influenced by a loss of tolerance. Furthermore, the bacteria isolated from animals infected with the nontolerant strain remained so.
In conclusion, tolerance did not influence treatment of S. aureus endocarditis in rats with vancomycin, teicoplanin, or daptomycin, but the prophylactic efficacies of these agents were reduced by the tolerance phenomenon. However, extrapolation of these experimental data to the clinical situation must be done with caution, especially since tolerance had a significant effect only when lower doses of vancomycin or teicoplanin were used.
